(
. R e c e i v e d 24 September 1945) Kinetics of the base-catalysed bromination of diethyl malonate
The kinetics of the bromination of diethyl malonate have been investigated in aqueous solution at 25°. Under suitable conditions the rate of bromination is independent of the bromine concentration, and is determined by the rate at which the ester loses a proton to basic ions or molecules in the solution. Measurements in buffer solutions were used to obtain values for the catalytic constants of ten basic species. There is no detectable catalysis by acids, a slight increase in velocity in strongly acid solutions being traceable to hydrolysis of the ester group. The catalytic constants of six basic anions are related to the dissociation constants of the corresponding acids by an expression of the type due to Bronsted. The ions OH~, HgBOg and OBr~ do not conform to this relation, and reasons for these discrepancies are discussed. In its general kinetic behaviour the bromination of diethyl malonate conforms to the regu larities previously shewn to exist in the ionization of substituted ketones (Bell 1943 ).
I n t r o d u c t io n
This work represents an extension of previous measurements (Bell & Lid well 1940) on the base-catalysed prototropy of substituted ketones. No previous kinetic work has been reported on the halogenation of diethyl malonate, though West (1924) has investigated the bromination of malonic acid in aqueous solution. He found th at the rate of introduction of the first bromine atom was independent of the bromine concentration, but that the subsequent bromination of monobromomalonic acid was of the first order with respect to halogen.
Preliminary experiments showed that the iodination of diethyl malonate in aqueous solution is a reversible reaction going only partly to completion, but th at bromine reacts quantitatively to give ethyl dibromomalonate. The extent of bromination at any instant can be determined by removing the excess of bromine with allyl alcohol, and then adding potassium iodide, which reacts with the dibromoester to give iodine. The rate of bromination was found to be unaffected by a five fold variation in the bromine concentration, provided that this exceeded about 0-01 m . All the experiments described below were carried out with bromine con centrations of about 0-03 m . The reactions were strictly of the first order with respect to the ester, so that it can be assumed that diethyl monobromomalonate is brominated much more rapidly than the original ester. Hence the rates observed under conditions of basic catalysis represent the rates of ionization of a methylene hydrogen from the ester (cf. Bell 1941, p. 135) .
Vol. 186. A.
[ 443 ] 29 E x p e r i m e n t a l Materials. Commercial diethyl malonate was fractionated in vacuo, and the fraction boiling at 70-71°/5 mm. was used. Acetic, monochloracetic and glycollic acids were pure commercial specimens, as were the salts used. Trimethylacetic acid was prepared from pinacol hydrate as described in Organic Syntheses (Collective vol. 1, p. 512) . The final product had b.p. 79°/20mm., m.p. 34°. Buffer solutions were made by adding sodium hydroxide solution (free from carbonate and standardized against' constant boiling hydrochloric acid) to a solution of acid which had been directly standardized against the sodium hydroxide solution.
Measurement of reaction velocity
All measurements were made at 25 ± 0-01°. In carrying out an experiment, 2 c.c. of buffer solution 0-002-0-003 m in ester were added to each of ten small glass-stoppered tubes in the thermostat. After 10 min. 1 c.c. of 0-1 M bromine in 0T m potassium bromide solution was added to each tube, using the type of automatic pipette previously described (Bell, Lidwell & Vaughan-Jackson 1936) . After suitable periods the reaction was stopped by adding two drops of 10 % allyl alcohol solution to successive tubes.
Some difficulty was experienced in finding the right conditions for the accurate estimation of the dibromoester formed. The reaction between dibromoester and potassium iodide is always slow, and is slightly reversible under some conditions. I t proceeds to completion in strongly acid solution, but under these conditions there is considerable atmospheric oxidation in the time necessary for reaction (|-1 hr.). The procedure finally adopted was to add (immediately after the allyl alcohol) 1 c.c. of molar 1:1 acetate buffer and a few crystals of potassium iodide. The iodine liberated was titrated with n /1 0 0 sodium thiosulphate (micro-burette), three suc cessive titrations being carried out on each sample at 30 min. intervals, and the sum of the titres taken. The last titre never exceeded 0-02 c.c., and atmospheric oxidation was negligible. It was not found advisable to follow more than about two-thirds of each reaction, since beyond this point solid dibromoester separated out on the walls of the tube and reacted very slowly with the potassium iodide.
The titre a corresponding to complete reaction was calculated from the known ester concentration. For each reaction mixture log10 was plotted against t, x being the titre at time t. This plot was invariably a straight fine, showing th at the reaction is of the first order with respect to ester. The velocities v in the following tables represent the slopes of these plots, the time being expressed in minutes. In the earlier measurements of Bell & Lidwell (1940) the velocities were expressed as the rate of disappearance of halogen in moles per litre per minute, referred to a ketone concentration of one mole per litre. Since each molecule of ester reacts with two molecules of bromine, the present values of v can be converted to the earlier units by multiplying by the factor 2 x 2-303.
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R e s u l t s i n b u f f e r s o l u t io n s ThQ general plan was the same as th a t adopted by Bell & Lidwell (1940) , i.e. in each series of experiments the anion concentration was varied a t constant buffer ratio, the total ionic strength being kept constant at = 0*1 by the addition of sodium chloride or sodium perchlorate. The values of r in the tables represent the stoichiometric buffer ratios, and the values of c are the anion concentrations given by the amount of sodium hydroxide used in making up the buffer solutions. In obtaining c (corr.) the following corrections were applied:
(i) If the value of [H+] is not negligible compared to the anion concentration, c must be increased by an amount [H+] in order to give c(corr.). In calculating [H+] the thermodynamic dissociation constant was used, in conjunction with the value f ± =0*8 for the activity coefficients at = O l. The sources of the dissociation constants are given in table 4, and the value of f ± is taken from the work of Larsson & Adell (1931) on a variety of carboxylic acids.
(ii) The anion concentration is reduced slightly by the acid produced during the reaction. Each molecule 6f ester brominated produces two hydrogen ions, and approximately the first two-thirds of each reaction was followed: hence two-thirds of the initial ester concentration was subtracted from c to obtain the true average anion concentration. In the glycollate solutions an additional correction was neces sary for the production of hydrogen ions in the slow oxidation of the glycollate by bromine. This reaction was studied in separate experiments, and contributed only a small correction in the acid buffer solutions used.
(iii) In the more alkaline buffer solutions the bromine was hydrolysed sufficiently to displace the anion concentration to a small extent. This hydrolysis takes place according to the equation Br2 . This is negligible in most of the other experi ments, but is appreciable in the more alkaline acetate and trimethylacetate buffers. For these experiments v(OBr~~) has been subtracted from v (obs.) to give v(corr.).
All the above corrections are small, and it is legitimate to apply them independ ently of each other. They were omitted in the earlier work of Bell & Lidwell (1940) , but their insertion would not materially affect most of the conclusions reached. However, the value previously given for hydroxyl-ion catalysis in the bromination of os-dichloracetone and the analogous value reported provisionally for diethyl malonate (Bell 1943 ) must be rejected, as they depend on inaccurate extra-polations in buffer solutions where the corrections for bromine hydrolysis are considerable.
The data obtained for buffer solutions are given in table 1. In the case of trim ethyl acetate, acetate, glycollate and monochloroacetate buffers the values of v (calc.) are obtained from the relation v = 0-00062 + k where to water catalysis, and kb is the catalytic constant of the anion. The value 0-00062 is derived from the results in phosphate buffers, and is confirmed by the measure ments in acid solutions described below. The success of this simple equation in acetate buffers of ratios varying from 0-16 to demonstrates th a t there is no detectable acid catalysis, and this conclusion is confirmed also by the measurements in acid solutions. The simple form of the equation also shows th at there is no detect able catalysis by hydroxyl ions in the buffers in question: this is confirmed by the measurements in bromine solutions described in the next section.
In The experiments with boric acid in an acetate buffer were designed to detect catalysis by the borate ion. The results show th at the reaction velocity is not measurably affected by the addition of boric acid. By using the value for the dissocia tion constant of boric acid given by Owen (1934) it is found th at the concentration of borate ions in these solutions is approximately 10-4 times th at of boric acid. Since the addition of 0-2 m boric acid changes v by less than 1 x 10-3, a reasonable upper limit for the catalytic constant of the ion H 2B0 3 is 0-001/(2 x 10~5) = 50. T a b l e 1. M e a s u r e m e n t s i n b u f f e r s o l u t io 12-4 11-0 9-5 7-9 12-1 10-5 9-2 7-8 calc.
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12-7 11-0 9-5 7-9 12*1 10-7 9-2 7-7 
R esults in bromine solutions
I t was hoped th at these experiments would lead to a value for the catalytic constant of the hydroxyl ion. In a solution made by adding bromine to sodium hydroxide (which may or may not contain added bromide ion initially), the con centrations of hydrogen and hydroxyl ions are controlled by the equilibrium Br2 + H 2O^H + + Br~ + HOBr. Such a solution thus constitutes a kind of triple buffer mixture, in which pH can be controlled in thq range pH = 5-7 by varying the concentrations of Br2, Br~ and HOBr. Moreover, the only basic species present in these solutions (apart from the hydroxyl ion and the water molecule) is the ion OBr-, which by analogy with the borate ion might be expected to make only a small contribution to the reaction velocity. Conditions should therefore be specially favour able for measuring hydroxyl-ion catalysis.
In order to minimize the loss of bromine vapour, a different experimental technique was used in these measurements. 50 c.c. of reaction mixture was made up in a cylin drical reaction vessel about 3 cm. in diameter, and samples for analysis were ejected from the bottom of the reaction vessel by pressure. The total oxidizing power of the solution was determined at the beginning and a t the end of the reaction by adding a sample to potassium iodide in an acetate buffer and titrating the iodine liberated. (If nothing is lost from the solution these two titres should agree, since every two moles of HOBr or Br2 are replaced by one mole of CBr2(COOEt)2 having the same oxidizing power.) From this titre, together with the concentrations of sodium hydrox ide and sodium bromide used in making up the solution, it was possible to calculate the initial concentrations of Br2, Br_ and HOBr, by using the equilibrium constants [Br2 ] = 16 [Br~] [Br2], [BrJT] = 40 [Br_] [Br2]2 (Jakowkin 1896; Jones & Baeckstrom 1934) . The ionic strength of all solutions was made up to 0-1 by adding the appropriate amounts of sodium chloride or perchlorate. The concentrations of Br2, Br and HOBr given in table 2 are mean concentrations, corrected for the acid produced in the reaction of the ester. I t was found necessary to modify the method of estimating the amount of dibromoester formed, since a mixture of triple buffer with allyl alcohol and acetate buffer was found to liberate iodine slowly from potassium iodide. This behaviour is probably due to the presence of small quantities of bromate. To avoid this difficulty, samples of reaction mixture were added to weighed tubes containing n hydrochloric acid, which effectively stops the reaction and converts any bromate into bromine. Allyl alcohol solution was then added, and the titration completed in the usual way. The results are given in table 2. They show rather large erratic variations, which may be due to the formation of some bromate in the hypobromite solutions, or to the imperfect exclusion of carbon dioxide. However, there are no systematic deviations between the observed velocities and those calculated from the equation
The first term represents the water catalysis, and the second is proportional to [HOBr]/[H+], i.e. to [OBr-] . This shows th a t (contrary to expectation) the hypo bromite ion is the chief catalyst in these solutions, which are thus not suitable for observing hydroxyl-ion catalysis. I t is easily seen th at
where i^(HOBr) is the thermodynamic dissociation constant of hypobromous acid (2-1 x 10-9, Shilov& Gladtchikova 1^38) and K h is the hydrolysis constant of bromine (5-8 x 10-9, Liebhafsky 1935). The catalytic constant of the hypobromite ion is therefore given by &(OBr~) = 1150 x 5-8/21 = 2 -8 x l0 +3. If it is assumed th at hydroxyl-ion catalysis contributes less than one-sixth of the total velocity in the experiments with the lowest concentration of hypobromous acid, then the upper limit for &(OH~) works out at 5 x 10+5.
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R e s u l t s i n s o l u t io n s o f s t r o n g a c id s
In very dilute acid solutions the rate of bromination is approximately constant at v = 6-2 x 10~4, agreeing with the value for the water rate derived from the experi ments in phosphate buffers. However, when the acid concentration is increased, the measured rate increases slowly, reaching v 7-7 x 10 This increase might be interpreted as catalysis by hydrogen ions, but it is first necessary to consider the effect of slow hydrolysis of the ester group b y rthe acid. The total reaction scheme would be diester *1 monoester
In this scheme ji -6x 10~4,, and the measurements of Skrabal & Mrazek show that in our present units kx = 8-9 x 10~4[H+], = 4-5 x if [H+] >0-01, the rate of hydrolysis of the diester is not negligible compared with its rate of bromination, though the subsequent hydrolysis of the monoester can be neglected for any moderate acid concentrations. In order to correct for the firststage hydrolysis it was necessary to make a rough investigation of the bromination of monoethyl malonate. This substance can be prepared in solution by the alkaline hydrolysis of diethyl malonate, which is much faster than the subsequent alkaline hydrolysis of the monoester. One equivalent of sodium hydroxide solution was added to a m /1 0 0 solution of the diester, and the mixture left for 30 min. A slight excess of hydrochloric acid was then added, and the resulting solution used, for a bromination experiment in the usual way. The results of a typical experiment are given in table 3. It will be seen th at the dibromomonoester first formed is pro gressively converted into some product which does not liberate iodine from potas sium iodide. Similar behaviour has been reported in the bromination of acetoacetic ester (Pedersen 1933) and of acetylacetone (Bell & Lidwell 1940) , and in the present instance is probably due to slow decomposition according to the equation COOH. CBr2. COOEt -» CHBr2. COOEt + C0 2. The course of the change can be satisfactorily represented by two consecutive first-order reactions, the formation of dibromoester having x 10-3, log10/min., and its destruction k^= 4 x 10-3. The reaction scheme must thus be mod 
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By analogy with the known effects of halogen substitution on the acid hydrolysis of simple carboxylic esters, it is probably safe to assume th at k2 is not greater than kv If this is so, the above expressions show that when [H+]> 0 T , is negligible compared with a', i.e. the observed titres are almost entirely due to dibromodiester. These conditions are satisfied by the first four experiments in table 4.. In these experiments it was therefore possible to derive a' directly from the titre, and to obtain an accurate value for j x + kx from the slope of .lie plot of log10{a0. lO-^-against the time. In the last experiment with [H+] = 0*25, values of b' were calciliated from the above expression using the approximate value for and making the arbitrary assumption th a t k2 = kv These values of b' w observed titres to obtain a', a n d^ + kx evaluated as before. Owing to the arbitrary assumption made about k2 this last experiment cannot be gi However, the data show clearly th a t the apparent increase in rate with increasing acid concentration can reasonably be accounted for by the complications due to hydrolysis, and hence th a t there is no evidence for catalysis of the bromination reaction by hydrogen ions. The mean value fo r^ agrees well with the value 6-2 x 10-4 derived for water catalysis from the measurements in phosphate buffers. The above measurements demonstrate th at the rate of bromination of diethyl malonate is determined by the rate at which the methylene group loses a proton to a basic ion or molecule in the solution. The catalytic constants of the different basic species are collected in table 5, together with the thermodynamic dissociation constants K nA of the corresponding acids. The calculated catalytic constants are derived from the equation kb = 1-05 x 10_4(1/^lh^)0'79. There is good agreement between observed and calculated values for the anions of the five acids with dissocia tion constants between 10-2 and 10~6. It is remarkable that this agreement should include the primary phosphate ion, since in comparing this ion with carboxylate ions a statistical correction of 3°'79 should properly be applied, and is, in fact, necessary to obtain agreement in the catalysed decomposition of nitramide (cf. Bell 1941, pp. 82-87) . No special significance can be attached to the small discrepancies for the catalysts HPO4 and H 20 , since these differ in charge type from the other catalysts. In the case of H 2B03 and OH the upper limits obtained experimentally for the catalytic constants are smaller by several powers of ten than the calculated values. I t is likely th at these discrepancies represent genuine deviations from the simple Bronsted relation, which would not be expected to be valid over an unlimited range of basic strengths. The hydroxyl ion is commonly much less active as a catalyst than would be predicted by extrapolation from other basic anions (cf. Bell 1941, p. 92) and a similar negative deviation has been found for catalysis by the phenate ion (Kha = 1-3 x 10"10) in the decomposition of nitramide (Tong & Olson 1941) . It has been pointed out (Bell 1943 ) that, on account of the association of water in the liquid state, the figure 55*5]KW gives an exaggerated view of the basic strength of the hydroxyl ion, and an attem pt to allow for the effect of association led to the corrected value 013/K W as a lower limit for this basic strength. However, in the present reaction even this value leads to a calculated catalytic constant for OH-five times as great as the upper limit found experimentally. 5 . S u m m a r y o f c a t a l y t ic c o n s t a n t s On the other hand, the observed catalytic constant for the hypobromite ion is considerably greater than the calculated value, though the dissociation constants of HOBr and H 3B0 3 are similar. This probably indicates th at the rate-determining step is not (as with other anions) CH2(COOEt)2 + OBr~-xCH(COOEt)2 + HOBr followed by rapid brominatioii of the ester anion. Instead, the hypobromite ion may brominate the ester molecule by a single-stage reaction, e.g.
OH-
If this is the case the observed velocity in presence of hypobromite ions would not be comparable with the values for other anions.
Malonic ester can be considered as a member of the series of substituted ketones whose rates of ionization have previously been investigated (Bell & Lidwell 1940; Bell 1943) . The exponent of the Bronsted relation is a = 0-79, and the rate of ionization as previously defined is log10 R = -0*46. These values fit well into the series between as-dichloroacetone (a = 0-82, log10 R = -2*00) and ethyl acetoacetate (a = 0-59, log10 R = + 1-02).
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